We introduce dynamic relaxometry as a novel technique for studying biochemical reactions, such as those leading to mineral formation (biomineralization). This technique was applied to follow the time course of iron oxidation and hydrolysis by the protein ferritin. Horse spleen apoferritin was loaded with single additions of 4, 10, 20, 40, and 100 ferrous ions per protein, and with multiple additions of 4, 10, 20, and 100 ferrous ions. The NMR T 2 relaxation time was then measured sequentially and continuously for up to 24 h. At low loading factors of 4-10 Fe atoms/molecule, the iron is rapidly bound and oxidized by the protein on a time scale of approximately 15 s to several minutes. At intermediate loading factors (10-40), rapid initial oxidation was observed, followed by the formation of antiferromagnetic clusters. This process occurred at a much slower rate and continued for up to several hours, but was inhibited at lower pH values. At higher loading factors (40-1000), iron oxidation may occur directly on the core, and this process may continue for up to 24 h following the initial loading. Dynamic relaxometry appears to be a potentially powerful technique that may well have applications beyond the study of iron upake by the ferritin protein.
Introduction
Nuclear magnetic resonance (NMR) relaxometry of metalloproteins can provide unique information about the local structural microenvironment of the metal atom [1] [2] [3] . Recently, this technique has been applied to the study of ferritin [4] [5] [6] [7] [8] , a ubiquitous iron-storage molecule that consists of a roughly spherical protein shell (apoferritin) inside which iron accumulates in the form of an antiferromagnetic crystal of ferric oxyhydroxide. The mammalian apoferritin molecule consists of 24 subunits of two types, H and L chains ( [9] and references therein). There are two accepted pathways for iron mineralization in ferritin: an enzymatic ferroxidase reaction and a mineral-catalyzed reaction [10, 11] . The H-chain subunits have a ferroxidase activity associated with a diiron center [12] and the L-chain subunits facilitate mineral nucleation and show enhanced stability [13, 14] . In structurally related ferritins, the two-electron reduction of O 2 at this site has been shown to lead to the initial rapid formation of a diferric m-peroxo intermediate which decomposes rapidly to H 2 O 2 and an as-yet uncharacterized ferric species [15] . The initial uptake and oxidation of the ferrous ion is followed by transfer of ferric ions to the protein cavity [16] , where clusters of carboxylate groups act as a nucleation site for mineralization. The mineral surface provides a second pathway for catalyzed oxidation of Fe(II) which becomes important at later times during the mineralization, after the formation of an initial mineral core, and at high loading iron to protein ratios.
Koenig et al. [4] initially studied ferritin by steady state relaxometry, and found that, at low loading factors (LF) of iron, there were roughly equal contributions to 1/T 1 and 1/T 2 . However, Vymazal et al. [5] showed that, at higher LF, a small but significant enhancement of 1/T 1 occurred, while 1/T 2 steeply increased. 1/T 2 increased linearly with field strength [6] , and the slope per unit iron was approximately equal for LF 90-3600 [5] . Below LF 90 (0-89 Fe atoms per pro-tein) it was found that the relaxation rates quickly increased, reached a maximum at LFp13-14 Fe atoms per protein, and then declined [7] . This provided supportive evidence for the formation of antiferromagnetically coupled clusters (e.g. dimers and/or trimers) during early stages in iron loading. At higher loading factors of up to 3400, the ferritin core was found to be antiferromagnetic [8] , with a fraction of the molecules possessing a superparamagnetic moment, owing to incomplete cancellation of antiparallel sublattices.
The previous NMR relaxometry studies on different stages of ferritin loading have all been carried out at steady state, that is, the endpoint of the biochemical reaction between the added iron atoms and the ferritin protein. In this report, we investigate dynamic relaxometry as a novel technique for studying biochemical reactions such as iron oxidative hydrolysis and mineralization. In a situation where the chemical reaction affects the NMR relaxation times (as in the case of ferritin), we hypothetized that taking rapid sequential NMR relaxation time measurements might provide unique information on the dynamics of the reaction between the iron and the protein. Given the much shorter time scale of a T 2 experiment (a few seconds) compared with a T 1 experiment (minutes), T 2 was measured instead of T 1 . We present here our initial results for both single and stepwise additions of Fe(II), up to a total LF of 1000.
Materials and methods

Ferritin preparation
Horse spleen apoferritin (Sigma A-3641) was used throughout this study. The protein concentration was determined using a modified Lowry's assay, and samples of 20 mg/mL were prepared in 0.05 M 2-(N-morpholino)ethanesulfonic acid (MES) buffer at pHp6.5, 6.3, and 5.8. Prior to commencing the reaction, both the protein and iron(II) solutions (see below) were purged of oxygen by bubbling argon through the samples for several minutes, in order to minimize iron oxidation in the solvent. During the dynamic relaxometry experiment, ferrous iron was added to 1.0 mL apoferritin in the form of ammonium iron(II) sulfate hexahydrate, with an Fe concentration of 10 mM (for experiments with LF40) in deionized water, pH~3. The total volume of the iron addition was less than 0.5 mL, except for the multiple additions (see below) of 100 Fe atoms (total volume 1.1 mL). During the actual dynamic relaxometry experiments, at the time of the addition of iron a total volume of approximately 2 mL air was introduced into the sample.
Dynamic relaxometry
All T 2 measurements were made with a custom-designed variable-field relaxometer (Southwest Research Insitute, San Antonio, Tex.) at a magnetic field of 0.5 T (21 MHz) at 37 7C. T 2 was determined from a Carr-Purcell-Meiboom-Gill sequence of 500 spin echoes with an interecho time of 6 ms. Before adding Fe(II), the T 2 relaxation rate of the apoferritin solution was measured. Iron was then added in single increments (I) corresponding to 4, 10, 20, 40, 100, and 500 Fe(II) atoms per ferritin. Following each addition, T 2 was measured continously for up to 24 h. The kinetic data obtained at the lower increments were fit with a biexponential function (for Ip4) or two separate monoexponential functions (for Ip10 and Ip20), from which the t 1/2 values were calculated. For all fits, the correlation coefficient R 2 was 1 0.98. In order to determine a possible contribution of oxidized, non-ferritin bound iron, control experiments were carried out for Ip4, Ip10, and Ip20 under the same conditions except the presence of ferritin.
A second set of experiments consisted of multiple additions at pHp6.5. The number (n) of multiple additions was np17 for Ip4 (total LFp68), np10 for Ip20 (total LFp200), and np10 for Ip100 (total LFp1000). The time interval between additions was 30, 30, and 10 min for Ip4, 20, and 100, respectively. After each addition, T 2 was continuously measured as in the single addition experiment. All data were converted to T 2 relaxivity (s -1 / mM protein) by taking reciprocal values, subtracting the baseline value (apoferritin contribution), and dividing by the protein concentration (taking into account the dilution effect of each iron addition).
Results and discussion
Control experiments
For the control experiments at lower loading factors, which consisted of samples to which iron was added but did not contain ferritin, we observed only a small proton relaxation enhancement (the highest contribution, for Ip20, was less than 15% of the value of the ferritincontaining sample). Since iron(II) does not significantly enhance proton relaxation [although Fe(II) is paramagnetic, there is a great mismatch between the short electron spin relaxation time of the metal ion and the nuclear precession time of the proton], a small amount of the non-ferritin bound Fe(II) was thus likely oxidized to paramagnetic Fe(III) during the time course of these control experiments. These control values represent 100% unbound, free iron, and the overall contribution of possible residual, non-ferritin bound iron was thus considered to be negligible in our actual experiments with ferritin.
Single addition experiments
For Ip4 (Fig. 1a) , the initial increase in 1/T 2 was biexponential, The first component with the shorter t 1/2 value (16-83 s, see ) at the ferroxidase sites on the protein shell. The initial half-time values were similar for pHp6.5 and 6.3, but for pH p 5.8 it was found to be significant longer. The second compononent was found to consist of much longer half-time values (5-30 min, see Table 1 ). After approximately 30 min (pHp6.5) or 2 h (pHp5.8) the curve reached a plateau and remained stable for the rest of the experiment. This plateau of approximately 20 s -1 /mM is in agreement with the value reported for a loading factor of 4 in the earlier steady state study [7] . At this low Fe loading it appears that the oxidized Fe(III) ions remain isolated, with no dimer coupling or incipient core formation. It is clear from Fig. 1 and Table 1 that differences in pH af- fected the speed of the reactions, with slower rates occurring at a lower pH for both components.
For Ip10 (Fig. 1b , note the different scale as compared to Fig. 1a) , the initial increase in T 2 was faster compared with Ip4. The graph insert (representing the initial increase within the first 12 min) shows again a trend of shorter t 1/2 values with higher pH (see Table 1). This was followed by a very slow decrease at pHp6.5, owing to the formation of antiferromagnetic coupled species, presumably m-oxo ferric dimers. The [17, 18] . This observation is also consistent with our earlier (steady state) relaxometry study at low pH [4] , and is related to the pH dependence of the formation of oxy-or hydroxobridged antiferromagnetic dimers. As in the case of Ip4, the plateau values of 30-40 s -1 /mM are in good agreement with those obtained for the steady state samples at the same loading factor [7] . The latter samples were purified from possible residual iron (that may not have been incoporated into the ferritin molecule), and were infused with excess oxygen throughout the reaction.
For Ip20 (Fig. 1c) , the trend of the time course was similar as for Ip10, but the effect of pH is more pronounced, and the rate increase for the second component is much slower (see Table 1 ). The decrease corresponding to the antiferromagnetic dimer formation, occurring at the higher pH, was more prominent. No such decrease could be observed at the lower pH.
For Ip40 (Fig. 1d) , a more complex time course was observed. At pHp6.5 the initial fast oxidation was followed by a steeper decrease, as nearly all iron atoms were antiferromagnetically coupled, consistent with the formation of an embryonic mineral core [7] . At pHp6.5 we also noted a secondary increase of the T 2 relaxivity, which started at approximately 80 min; we speculate that this is a contribution from the surfacecatalyzed oxidation of the newly formed mineral core. The secondary decrease observed after approximately 3 h could be due to core reorganization and redistribution of iron, leading the formation of a stable antiferromagnetically coupled mineral core. Note that the relaxivities at equilibrium are highest at the lowest pH, as in the case of Ip10 and Ip20.
For Ip100 (Fig. 1e ) at pHp6.5 there was a very rapid initial increase of 1/T 2 (beyond the temporal resolution of the actual T 2 measurements) which is believed to correspond to rapid oxidation at the ferroxidase centers, immediately followed by oxidation directly on the surface of the incipient core. The first and second increases (also visible with Ip40) probably occur so rapidly that they are indistinguishable. As in the case of Ip40, the decrease that follows could result from core reorganization and iron distribution. The pattern of the time course for Ip100 at lower pH values was also similar to that seen for Ip40, and can be explained by the decreased rate of iron oxidation and inhibition of iron dimer formation, both of which exhibit a strong pH dependence. The final, slow increase in relaxivity that was observed could possibly be explained by the slow autoxidation of a fraction of Fe(II) atoms which remained in solution (i.e., was not incorporated into the ferritin molecule), although, even at pHp5.8, Fe(OH) 3 is likely being formed with limited effects on proton relaxation. At Ip500 there was a substantial fraction of residual iron and, after several days, bulk precipitation was observed in all three samples. Reliable loading of ferritin was not considered to be feasible at this single large increment.
Multiple addition experiments
Experiments with several consecutive additions within a fixed time interval provide a different view of the dynamic processes during iron uptake. For Ip4 (Fig. 2a) , the initial increase in 1/T 2 after the first addition was exponential, corresponding to the results presented in Fig. 1a . After five additions, when the total LF reached a value of 20, there was a subsequent decrease of 1/T 2 , similar to that observed in steady state experiments at the same pH of 6.5 [7] . The antiferromagnetically coupled clusters increase in number, and appear to decrease the T 2 relaxivity, even below the value reached at the end of the previous addition. At 15 min following the fifth addition (LFp20), the relaxivity reached a maximum at about 45 s /mM in the previous study [7] . The 1/T 2 values are thus consistent with individually purified samples, except that the peak relaxivity occurs at LFp20 instead of 13-14. We believe that this may have been caused by residual, non-ferritin bound oxidized iron in solution, since the samples in this study were not purified following the additions of iron. This is supported by the finding that the shift in peak relaxivity was greater with higher increments (see below).
For Ip20 (Fig. 2b ) the initial increase of 1/T 2 was much faster. When the total loading factor exceeded 40, the initial increase, due to oxidation, was followed by a decrease due to the formation of antiferromagnetically coupled clusters, similar to the situation described above. However, for LFp20 and 40 there was a much slower secondary increase which was similar to the secondary increase observed in the single-addition experiments (i.e., with a single addition of Ip40). For Ip100 (Fig. 2c) there was a very rapid initial increase (due to rapid oxidation) which was followed by a slow exponential decrease, corresponding to growth of the core, in which the majority of the Fe sites are antiferromagnetically coupled.
Conclusions
By making dynamic measurements of T 2 , we were able to monitor the time-dependent evolution of the mineral core of ferritin. At low Fe loading we observed rapid ferroxidase-catalyzed oxidation of Fe(II) to form isolated Fe(III) species which do not couple to form antiferromagnetic dimers or clusters. This is consistent with previous studies by Bauminger et al. [19, 20] on human ferrritin, where isolated Fe(III) species were observed by Mössbauer spectroscopy in freeze-quenched experiments. At higher Fe loadings we observed the formation of antiferromagnetic ferric clusters after the initial Fe(II) oxidation, in agreement with earlier magnetization [21] and EPR spectroscopy studies [22] . This caused the relaxivity per unit of iron to decrease significantly with larger increments (see Fig. 1 ). For Ip4, we found an R 2 /Fe ratio of about 5.0 as compared to values of 3.0-4.0, 2.5-2.8, 0.5-1.5, and 0.4-0.7 for Ip10, Ip20, Ip40, and Ip100, respectively. In addition, we observed mineral surface-catalyzed oxidation after a lag time associated with the formation of an incipient mineral core. This second phase seemed to slow and increased in magnitude with increasing core size, while the initial phase retained a relatively constant value between 20 and 40. For the multiple additions, the relaxivity reached a maximum of about 50-60, for Ip4, Ip20, and I p100. This suggests that a constant number of individual iron atoms are responsible for the increase in relaxivity. The secondary, monotonic rise in relaxivity with larger core formation (Fig. 2c) is believed to come from uncompensated spins at the surface of the mineral core, consistent with an earlier study [5] , where a near linear relation was found between 1/T 2 and loading factor up to LFp3600.
Small variations in the time course, especially at the higher increments, may have been caused by the limited amount of air that was introduced in our samples. At the one hand, we wanted to minimize the oxidation of ferrous iron in solution in order to prevent paramagnetic contamination by non-ferritin-bound ferric iron. At the other hand, some of the reaction kinetics may have been slowed down by this limited availability of oxygen. Nevertheless, our observations are consistent with a current picture of oxidative hydrolysis of Fe, leading to formation of the mineral core in ferritin and the technique allows us to monitor the time-dependent evolution of the mineral. We believe that dynamic re-laxometry -the observation of the time course T 2 relaxation changes -is a potentially powerful technique to observe chemical changes such as those occurring in ferritin during iron uptake. This technique can provide unique information about the time scale of the reactions, and may aid in understanding kinetics of reactions such as iron transfer and iron oxide formation from aqueous solution.
